African green monkeys can maintain long-term persistent infection with simian immunodeficiency viruses (SIVagm) without developing AIDS and thus provide an important model for understanding mechanisms of natural host resistance to disease. This study assessed the levels and anatomic distribution of SIVagm in healthy, naturally infected monkeys. Quantitative competitive reverse transcriptase PCR assays developed to measure SIVagm from two African green monkey subspecies demonstrated high levels of SIV RNA in plasma (>6 ؋ 10 6 RNA copies/ml) in sabaeus and vervet monkeys. Infectious virus was readily recovered from plasma and peripheral blood mononuclear cells and shown to be highly cytopathic in human cell lines and macrophages. SIVagm DNA levels were highest in the gastrointestinal tract, suggesting that the gut is a major site for SIVagm replication in vivo. Appreciable levels of virus were also found within the brain parenchyma and the cerebrospinal fluid (CSF), with lower levels detected in peripheral blood cells and lymph nodes. Virus isolates from the CSF and brain parenchyma readily infected macrophages in culture, whereas lymph node isolates were more restricted to growth in human T-cell lines. Comparison of env V2-C4 sequences showed extensive amino acid diversity between SIVagm recovered from the central nervous system and that recovered from lymphoid tissues. Homology between brain and CSF viruses, macrophage tropism, and active replication suggest compartmentalization in the central nervous system without associated neuropathology in naturally infected monkeys. These studies provide evidence that the nonpathogenic nature of SIVagm in the natural host can be attributed neither to more effective host control over viral replication nor to differences in the tissue and cell tropism from those for human immunodeficiency virus type 1-infected humans or SIV-infected macaques.
The family of CD4 ϩ T-lymphotropic primate lentiviruses is comprised of two human viruses (human immunodeficiency virus type 1 [HIV-1] and HIV-2) and as many as 30 distinct simian immunodeficiency viruses (SIVs) found naturally in African nonhuman primates (44) . Eight primate immunodeficiency viruses have been previously isolated and characterized and have been placed within five phylogenetic groups (3, 9, 17, 34, 40, 43, 46, 49, 76) . It has been suggested that these distinct lentivirus groups arose as a consequence of the coevolution of the primate host and its resident virus (3, 31) . The predominant HIV (HIV-1) appears to have resulted from cross-species transmission of SIVcpz from chimpanzees that evolved into the current AIDS pandemic (34, 76) . Similarly, a second human AIDS virus (HIV-2) arose by cross-species transmission of SIVsm found naturally in sooty mangabeys (Cercocebus atys) (17, 40, 49) . African green monkeys (AGMs) (Cercopithecus aethiops), due to their numbers and geographical distribution in sub-Saharan Africa, represent the largest single reservoir of SIV (SIVagm), as upwards of 50% of wild monkeys are infected with the virus (2, 54) .
In host species that have not experienced long-term endemic infection by the primate immunodeficiency viruses, such as humans and Asian macaques, HIV or SIV infection causes an immunodeficiency syndrome characterized by inexorable CD4 ϩ T-cell depletion. In addition, significant numbers of infected humans and macaques with AIDS also develop neurologic complications due to virus infection of the central nervous system (CNS) (35, 95) . In these nonnatural host species, high steady-state levels of virus in the plasma are associated with rapid CD4 decline and disease progression (47, 66, 86, 91) . High levels of HIV in the blood are maintained by continuous rounds of viral infection of activated CD4 ϩ T cells and the destruction of the infected cells, as evidenced by the rapid decay of virus in the plasma following initiation of effective antiviral therapy (highly active antiretroviral therapy) (51, 77, 92) . These virus and cell turnover studies have led to the formulation of a dynamic model of AIDS pathogenesis whose central assertion is that active HIV replication induces an accelerated rate of CD4 ϩ T-cell destruction (51, 77) . As a result of the envisioned extreme demand on CD4 ϩ T-cell proliferation, lymphopoietic reserves are overwhelmed and collapse of the immune system ensues. Thus, this model places virus-induced CD4 ϩ T-cell destruction as the central event in HIV-1 immunopathogenesis. In addition to the direct cytopathic effects of HIV-1 and SIV, pathogenic lentivirus infections are also associated with a pronounced tendency of uninfected T lymphocytes of both CD4 ϩ and CD8 ϩ lineages to undergo activation-induced programmed cell death or apopto-sis, destruction of lymphoid tissue architecture, and suppression of bone marrow and thymic production of requisite hematolymphoid precursor cells (30, 38, 39) . Thus, progression to AIDS in nonnatural hosts may result from the cumulative deleterious effects of both direct and indirect consequences of virus infection that lead to accelerated destruction and compromised host immune regenerative capacity.
The natural host reservoirs for primate lentiviruses in subSaharan Africa, including sooty mangabeys and AGMs, are generally considered to be resistant to AIDS-related diseases and thus represent important models for understanding the differential pathogenesis of SIV (44) . The study of infected unnatural hosts such as Asian macaques has provided valuable information regarding AIDS pathogenesis and the development of vaccines; examples of disease-free equilibrium between the natural simian hosts and their viruses provide a unique opportunity to study the basis of nonpathogenic virus infection. Understanding this disease-free equilibrium is likely to provide important clues regarding mechanisms of AIDS pathogenesis. SIVagm-infected AGMs provide one such model of nonpathogenic SIV infection. Experimental transfer of SIVagm to Asian pigtailed macaques (Macaca nemestrina) yields high levels of virus replication and induction of simian AIDS characterized by immunodeficiency and neuropathology (45) . In contrast, SIVagm does not replicate to high levels or induce disease in rhesus macaques (Macaca mulatta), perhaps as the result of a species-specific restriction in the function of viral accessory gene products such as vpr (45, 88) . Whether immunopathology and neuropathology follow infection with SIV appears to depend on the levels of virus replication achieved, as well as additional, yet-to-be-defined host-specific variables. The observation that SIVagm, like SIVsm, has the potential to cause AIDS upon transfer to a new host species suggests that AIDS results from differential host responses to SIV infection rather than from fundamental properties of the virus alone. Understanding the basis of nonpathogenic SIV infection may help to define precisely the features of the hostvirus interaction that are responsible for the irreversible CD4 decline seen with pathogenic HIV and SIV infections.
In naturally infected AGMs, SIVagm seropositivity parallels the onset of sexual activity and is nearly universal in females of reproductive age (78) . In addition to intraspecies transmission of SIVagm, cross-species transmission to patas monkeys and yellow baboons has been reported elsewhere (11, 53) . High seroprevalence rates for AGMs in the wild and in captivity suggest that a substantial level of viremia is likely to be present in naturally infected animals. This is supported by the ready isolation of infectious virus from the peripheral blood of infected AGMs (2, 21) . Further, the extensive genetic diversity of SIVagm observed within and between animals is compatible with frequent cycles of virus infection in vivo accomplished via the error-prone processes of retroviral replication (65) . In addition, we and others have elsewhere demonstrated chronic high levels of viremia in another natural reservoir host, SIVsminfected sooty mangabeys (82; R. Grant, A. Kaur (8, 45) . The low levels of virus observed in the LNs could reflect either effective host immune control of virus replication or simply the presence of fewer resident cells that are susceptible to virus infection. At any anatomic location, target cell availability will depend upon the number of total CD4
ϩ T cells present, as well as their state of activation and expression of appropriate coreceptors for infection (12) . The levels of viral load and sites of SIVagm production in naturally infected AGMs determined using sensitive quantitative gene amplification techniques have not been reported to date. Both SIVagm-infected green monkeys and SIVsm-infected mangabeys exhibit only a slight decline in peripheral CD4
ϩ T-cell counts below those for uninfected animals (7, 16 ; Silvestri et al., submitted). Due to the relatively low numbers of CD4
ϩ T cells present in the peripheral blood of both SIV-infected and uninfected AGMs and the difficulties of maintaining these cells in culture, studies addressing the cytopathic potential of SIVagm for AGM cells have been difficult to perform (71) . Very little is known about the extent to which SIVagm-specific immune responses may control virus infection in vivo. Similar to those of humans, AGM CD8
ϩ T cells are reported to secrete a factor that suppresses SIVagm replication in vitro, although it is not clear to what extent, if any, this factor modulates SIVagm replication in vivo (6, 28) . Humoral immune responses are evident in naturally infected monkeys; however, neutralizing antibody levels are low (2, 4, 37, 73) . In naturally infected sooty mangabeys, SIV-specific cytolytic CD8 ϩ T-cell responses are limited, consistent with the observed high levels of SIVsm replication (56; Grant et al., submitted; Silvestri et al., submitted).
To better understand the biology of SIV infection in AGMs, we sought to define the levels and locations of virus replication in naturally infected animals. In doing so, we hoped to reconcile the paradox of their asymptomatic infection with their high prevalence of infection and the extensive genetic diversity observed in viral quasispecies in infected animals. Toward these ends, we developed sensitive quantitative competitive reverse transcriptase PCR (QC RT-PCR) methods based on conserved regions of the SIVagm genome to enumerate plasma SIV RNA levels in AGM subspecies naturally infected by diverse SIVagm isolates. The tissue distribution of SIVagm was documented using similarly tailored PCR-based methods for the enumeration of viral DNA copy number. Infectious virus was also isolated from the CNS and lymphoid tissues and characterized with respect to viral variation and cell tropism. Our findings, together with similar findings for the natural sooty mangabey host for SIVsm, suggest that the natural hosts for primate lentiviruses remain clinically healthy despite highlevel virus replication, although this replication may be preferentially localized to those sites where antigen-driven activation is most pronounced, such as the gut. These studies suggest that the direct consequences of high-level HIV replication alone may not account for the progressive CD4 ϩ T-cell depletion and AIDS in humans.
MATERIALS AND METHODS

Animals.
West African green monkeys (Cercopithecus aethiops sabaeus) were imported from Senegal (animals 9307 to 9312); four of them were determined to be naturally infected (3) . Vervet monkeys (Cercopithecus aethiops pygerythrus) were either imported from Tanzania (AGMs 9648 and 9649), purchased from a commercial facility (AGMs 6242 and 6243), or housed at another facility (AGMs 684, 687, and 692). Grivets (Cercopithecus aethiops aethiops) were also housed at another facility, and blood samples were sent by overnight delivery (AGMs 654 and 677). AGMs and humans were deemed SIVagm negative by Western blot analysis before their lymphocytes were used for in vitro assays. AGM 9309 died of congestive heart failure, and AGM 9315 was euthanatized due to an incidental partial obstruction of the cecum. Tissues were collected from these animals at the time of necropsy, snap frozen in liquid nitrogen, and stored at Ϫ80°C. Rhesus macaques, used as controls, were inoculated with SIVmac251 (MAC 8357 and MAC 8358). For inoculations, animals were sedated with ketamine by intramuscular injection, and 1 ml of virus stock was inoculated into the femoral vein. The monkeys were housed in biosafety level 2 conditions and fed a commercial monkey diet supplemented with fresh vegetables. Housing and handling of animals were in accordance with the Guide for the Care and Use of Laboratory Animals (U.S. Public Health Service) and the Animal Welfare Act. The protocols and procedures were approved by the Institutional Animal Care and Use Committee. The Southwest Foundation for Biomedical Research is accredited by the American Association for Accreditation of Laboratory Animal Care.
Cell lines, PBMC, macrophages, and viruses. Molt4(cl8) cells were grown in RPMI 1640 supplemented with 15% fetal bovine serum, 2 mM L-glutamine, 50 U of penicillin/ml, and 50 g of streptomycin/ml (complete medium) (58) . AGM and human peripheral blood mononuclear cells (PBMC) were isolated from heparinized blood by Ficoll-Hypaque density gradient centrifugation (Histopaque; Sigma Chemical Co., St. Louis, Mo.), grown in complete medium (20% fetal bovine serum) with 10 g of phytohemagglutinin (PHA)/ml for 24 h, and then grown in complete medium containing 10% interleukin-2. Human monocytes were isolated from PBMC (Leukopak; Southwest Texas Blood Bank, San Antonio) by adding 10 6 PBMC to 12-well plates and then removing the nonadherent population the next day. The adherent cells were maintained in Dulbecco modified Eagle medium supplemented with 10% human serum (heat inactivated, 56°C, 30 min) and 10% giant cell tumor (GCT)-conditioned medium (Origen, Inc., Rockville, Md.) for 5 days until the monocytes differentiated into macrophages. The cells were demonstrated to be greater than 95% macrophages on the basis of morphology, adherence to plastic, and nonspecific esterase activity. The viral isolates SIVagm(tyo-1), SIVagm(gri-1), SIVagm(MJ8), and SIVmac239 have been described previously (31, 32, 52, 72) . SIVagm(gri-1)-infected CEM cells were derived by transfection with a molecular clone of gri-1, and SIVagm(MJ8)-infected Molt4/8 cells were derived from a molecular clone (MJ8) of SIVagm(sab-1) (31, 52) . HIV-1/Ba-L was propagated on human macrophages after receipt from the AIDS Research and Reference Program, Division of AIDS, National Institute of Allergy and Infectious Diseases, National Institutes of Health (reagent 510) (36) . The concentrations of virus stocks were determined by endpoint titration with an antigen-capture enzyme-linked immunosorbent assay (p27/p24; Coulter Immunologics) and are as follows: SIVagm(sab-4CSF), 433 ng/ml; SIVagm(sab-4ln), 1,190 ng/ml; SIVagm(sab-4br), 1,720 ng/ml; SIVagm(gri-1), 565 ng/ml; SIVagm(MJ8), 153 ng/ml; and HIV-1/Ba-L, 95 ng/ml. Virus isolation. Virus was isolated from PBMC by cocultivation of 2 ϫ 10 6 Molt4(cl8) cells with 2 ϫ 10 6 stimulated AGM PBMC. To isolate virus from the plasma, 2 ϫ 10 6 Molt4(cl8) cells were centrifuged at 1,600 ϫ g, resuspended in 250 l of plasma, and incubated at 37°C for 2 h. For both isolation protocols, the volume was then adjusted with medium to 10 6 cells/ml. The cultures were monitored for 28 days, with growth medium being replaced every 3 to 4 days, and the culture fluid was stored at Ϫ80°C until analysis for virus by SIV p27 antigen capture (Coulter Immunologics). Cell-free virus was isolated from cerebrospinal fluid (CSF) and homogenized brain and LN tissues of AGM 9315 at the time of necropsy. Tissue specimens (ϳ1 g) were homogenized with a Tissumizer (Tekmar, Cincinnati, Ohio) equipped with a dispersing tool (probe 10G). Samples were subjected to homogenization on average for 30 s on ice at 11,500 rpm followed by centrifugation at 13,500 ϫ g to remove cells and debris. The supernatants were then filtered through a 0.45-m-pore-size nylon filter, and virus isolation was attempted by incubation with Molt4(cl8) cells.
Western blot analysis. Western blotting was performed as previously described (3) . Virus in culture supernatants taken from infected cell lines at 48 to 72 h was purified through a 20% sucrose cushion, separated by sodium dodecyl sulfatepolyacrylamide gel electrophoresis, and then blotted onto nitrocellulose sheets. The nitrocellulose paper was blocked with 3% bovine serum albumin and subsequently incubated with a 1:50 dilution of serum from an experimentally infected rhesus macaque (mac7695). Detection of viral proteins was accomplished by the streptavidin-biotin system (Amersham Inc.) with diaminobenzidine as the substrate for color development.
Virus infection. Macrophage cultures or Molt4(cl8) cells (2 ϫ 10 6 cells) were incubated with 250 l of virus stock for 2 h, and the volume was adjusted to 500 l for overnight incubation in Dulbecco modified Eagle medium supplemented with 10% human serum and GCT-conditioned medium or complete RPMI 1640, respectively. Cells were washed five times and resuspended in complete medium, and the culture fluids were harvested every 3 to 4 days and stored at Ϫ80°C. Viral antigen levels (p27/p24) were determined by endpoint titration with the Coulter antigen-capture enzyme-linked immunosorbent assay.
Quantitative and semiquantitative PCR analysis. QC RT-PCR was used to measure SIV plasma viremia and was modified as previously described (86, 87) . Blood was collected in acid citrate dextrose tubes, and the plasma was separated and frozen at Ϫ80°C. Viral RNA was isolated from 1.0 ml of plasma. Virions were concentrated from the plasma by centrifugation at 39,500 ϫ g and 4°C for 1 h. The virus pellet was suspended in TRIZOL (Gibco/BRL, Grand Island, N.Y.) and extracted with chloroform, after which the RNA was precipitated in isopropanol.
For quantitating viral RNA copy equivalents per milliliter from vervets, the QC RT-PCR protocol was modified from our previously published protocol to make the DNA templates for RNA transcription with the following primers and templates: forward primer gag519, 5Ј-CAAITIAAACAITTAATATGGGCAG G-3Ј, nucleotides 519 to 544 (26-mer), and reverse primer gag734, 5Ј-TACIGC TTCITCTGTGTCTTTCACTT-3Ј, nucleotides 734 to 709 (26-mer) (86) . For making the internally deleted control RNA template, the forward primer gag594 (5Ј-CAAITIAAACATTTAATATGGGCAGGGAGGGGTGTAAAAGAATC AT-3Ј, nucleotides 519 to 544 and 594 to 613 [46-mer] ), which resulted in a 49-bp deletion, was used. The full-length and deleted templates were cloned into the pGEM-T vector (Promega, Madison, Wis.), resulting in 298-and 249-nucleotide in vitro transcripts for use as positive control and competitive templates, respectively, and for generating a standard curve. Primers gag519 and gag734 were used to amplify the cDNA products at 94°C for 50 s, 61°C for 40 s, and 72°C for 40 s through 45 cycles. Nucleotide numbering was based on the published sequence of SIVagm(tyo-1) (32).
For generating a QC RT-PCR standard curve for SIVagm sabaeus viruses, a 176-bp region of the SIVagm(sab-1) gag gene was generated by PCR amplification from the full-length MJ8 clone and then cloned into the pCR2.1 expression vector (Invitrogen Corp., Carlsbad, Calif.). The primers used to generate the nondeleted control template were as follows: forward primer gag1212, 5Ј-CCC CTAGTTCCTACAGGGTCAG-3Ј, nucleotides 1212 to 1233, and reverse primer gag1386, 5Ј-TTTGGCCACTAGATGTCGCTG-3Ј, nucleotides 1386 to 1366. The internally deleted competitive template was synthesized by overlap primer extension PCR using the forward primer gag1282, 5Ј-CCCCTAGTTC CTACAGGGTCAGGATCCACGCAGAAATAAAAGTGAAAG-3Ј, nucleotides 1282 (1212) to 1302 (49-mer), which was used in conjunction with the reverse primer (gag1386). A BamHI restriction site was also inserted to allow for orientation of the insert in the pCR2.1 vector. RNA was synthesized from the plasmid by in vitro runoff transcription according to the Promega RIBOMAX protocol, and RNA concentration and copy number were determined. The RNA samples and competitive template were diluted, added to a 96-well plate, and reverse transcribed using random primers, and the cDNAs were coamplified. Forward primer gag1208, 5Ј-CCTTCCCCTAGTTCCTACAGGGT-3Ј, nucleotides 1208 to 1230, and reverse primer gag1378, 5Ј-CTAGATGCGCTGTGGCACTTTC-3Ј, nucleotides 1378 to 1356, were used for PCR through 45 cycles of 94°C for 50 s, 60°C for 40 s, and 72°C for 40 s, resulting in a 168-bp control fragment and a 125-bp internally deleted fragment. This protocol was modified as previously described by Staprans et al. and incorporates [
32 P]dCTP during PCR amplification (86, 87) . The radiolabeled PCR products were then separated by polyacrylamide gel electrophoresis, and the gel was dried and exposed to a Molecular Dynamics (Sunnyvale, Calif.) imaging plate. A PhosphorImager 445 SI (Molecular Dynamics) was used for analysis of gels in conjunction with IPLab Gel software (Signal Analysis Corporation). The RNA copy number was normalized for milliliters of plasma. Less than threefold interassay variation was observed, and the sensitivity was determined to be 500 copies based on the standard curve.
Levels of viral DNA in lymphocytes and tissues were assessed by semiquantitative PCR coupled with Southern blot analysis. Total cellular DNA was isolated from PBMC or homogenized tissues as previously described (3) . For quantitation of PBMC load in sabaeus monkeys, serial 10-fold dilutions of DNA were subjected to PCR using SIVagm sabaeus-specific gag primers: forward primer gag1668, 5Ј-ATCAATGAAGAAGCTGCAGATTGG-3Ј, and reverse primer gag2037, 5Ј-TGGCATTCTGGATCCACAGAGACTG-3Ј. For SIVmac PCR, forward primer gag1658, 5Ј-TATAAATGAGGAGGCTGCAGATTGGGACT T-3Ј, and reverse primer gag2571, 5Ј-TGAGCAGTGACTACTGGTCTCCTCC AAAGA-3Ј, were used. Reaction conditions for both sets of primers were 94°C for 1 min, 55°C for 45 s, and 72°C for 1 min through 30 cycles.
Viral DNA from vervet monkeys was amplified using forward primer tyo25, 5Ј-TTGAGCCTGGGTGTTCGCTG-3Ј, nucleotides 25 to 44, and reverse primer tyo548, 5Ј-CTTGCCTGCCCATATTAAATG-3Ј, nucleotides 548 to 528, which encompasses the 5Ј long terminal repeat (LTR) region and gag gene. Reaction conditions were 94°C for 30 s, 60°C for 30 s, and 72°C for 1 min through 40 cycles. The amplified samples were separated on agarose gels and blotted onto positively charged nylon membranes. The SIVagm sabaeus and SIVmac samples were then hybridized with 32 P-labeled SIVagm(sab-1) clone MJ8 or SIVmac239 corresponding to the amplified gag gene sequence. The SIVagm vervet samples were hybridized with a 32 P-labeled internal probe generated from SIVagm(tyo-1) using forward primer tyo194, 5Ј-GACCCAGGCGAGAGAAACTCC-3Ј, nucleotides 194 to 214, and reverse primer tyo418, 5Ј-CCTGCCCTACTTGCCCAG AGTA-3Ј, nucleotides 418 to 397.
For SIVagm-infected vervets, individual LTR/gag genes were amplified from AGM6242, AGM9648, and AGM9649 using primers tyo25 and tyo744 (5Ј-TTA CTGTTGCTACTGCTTCCTCTGTG-3Ј) (nucleotides 744 to 719), and assay sensitivity was determined with the tyo-1 probe. Reaction conditions for this set of primers were 94°C for 30 s, 48°C for 1 min, and 72°C for 1 min through 40 cycles. PCR products were gel purified and cloned into the pCRII-TOPO vector (Invitrogen). Plasmid DNA from characterized molecular clones was diluted to the appropriate copy number and used as template for the standard curves. The detection limit of the PCR-Southern blot protocol was determined to be five copies for all primer pairs using serial dilutions of the probe represented by plasmids containing either MJ8, SIVmac239, or the SIVagm(tyo-1) LTR/gag gene in 100 ng of total cellular DNA.
Molecular cloning and DNA sequencing. Forward primer env7164 (5Ј-TGCT CCAGCAGGTTATGCTTTG-3Ј, nucleotides 7164 to 7185) and reverse primer env7881 (5Ј-GGCTGTCGAGTTACACTCCAAGTG-3Ј, nucleotides 7881 to 7858) were used to amplify a 672-bp env fragment from total cellular DNA of SIVagm-infected human T-cell lines. Numbering for the nucleotide sequence was based on the published sequence of SIVagm(sab-1) (52). Thermocycler conditions for amplification were as follows: step 1, one cycle at 95°C for 5 min; step 2, 25 cycles at 94°C for 1 min, 57°C for 45 s, and 72°C for 1 min; and step 3, one cycle at 72°C for 7 min. PCR products were cloned using the TA cloning kit from Invitrogen (San Diego, Calif.). Two clones from each virus were randomly selected and then purified using the S.N.A.P. miniprep kit (Invitrogen Corp.). One microgram of plasmid was sequenced using an Applied Biosystems automated sequencer, model 373A, version 1.2.0. Sequences were aligned and analyzed using the GCG Package, version 7.0 (Genetics Computer Group, Inc.), and corrected by hand.
Nucleotide sequence accession number. DNA sequences from the env genes have been submitted to GenBank and assigned accession no. AF332984 to AF332995.
RESULTS
High levels of SIV RNA in plasma in AGMs. African host species of the simian lentiviruses experience long-term natural infection without associated disease. Elucidation of the dynamic process of host-virus equilibrium leading to natural disease resistance is key to understanding AIDS pathogenesis. One explanation for the lack of SIV-associated disease is hostspecific restriction in virus replication in the natural host. In infected humans and nonhuman primates, the levels of virionassociated HIV or SIV RNA in the plasma are indicative of the overall level of ongoing virus replication extant in the host. In nonnatural or new hosts for CD4 ϩ T-cell-tropic lentiviruses, such as humans and Asian macaques, measurement of plasma HIV RNA levels provides a powerful tool to predict rates of progression to AIDS and death (66, 79, 87) . High levels of plasma viral RNA are associated with rapid progression to AIDS, whereas slowly progressive or nonprogressive infections are characterized by very low levels of plasma viral RNA. To assess the level of SIVagm replication in naturally infected AGMs, we developed a QC RT-PCR assay to measure plasma SIV RNA levels. This assay is similar in principle to the SIVmac QC RT-PCR assay that we previously developed and validated for SIVmac viruses by comparison with the SIV branched DNA signal amplification assay (64, 87, 91) . We initially screened seven AGMs (four sabaeus and three vervet monkeys) from 14 September 1994 with primer pairs designed to amplify conserved gag-related sequences. These primer sets were optimized to amplify gag gene sequences from SIVagm of vervets, grivets, and tantalus monkeys (gag519 and gag734; see Materials and Methods), and inosine bases were substituted where variation was common between strains. Internally deleted in vitro RNA transcripts from the SIVagm gag gene were used as internal standards for calibration as previously described (see Materials and Methods and reference 86). All five SIVagm-infected AGMs had high viral RNA levels in their plasma, ranging from 3.5 ϫ 10 5 to more than 9.5 ϫ 10 6 RNA copies/ml, while no viral RNA was detected in the plasma from two seronegative AGMs (Table 1) . The viral RNA levels from the two SIVagm-infected sabaeus monkeys were generally lower than those for the vervets in this assay; however, this difference might have reflected greater variation in the gag gene between SIVagm subtypes.
The overall genetic similarity between the gag genes of SIVagm(sab) and SIVagm(ver) strains is less than 65%, and we found 8 to 10 mismatches between the vervet-derived forward primer gag519 and the SIVagm(sab) sequences, indicative of this diversity (data not shown). To enable a more accurate measurement of these genetically diverse SIVagm strains, we therefore designed primer pairs and an internally deleted standard based on the published sequence from a clone derived from AGM 9308 (MJ8) to enhance the detection of SIVagm from sabaeus monkeys. Plasma samples were taken 2 to 3 years after the initial sample from four of five SIVagm-positive AGMs and one seronegative AGM and assessed for viral RNA load using either vervet-specific or sabaeus-specific primer pairs for each species (Table 1) . High levels of viral RNA, ranging from 3.5 ϫ 10 6 to 6.3 ϫ 10 6 (AGM 9648) RNA cop- ies/ml of plasma, were detected in all four seropositive monkeys, with an average of 4.0 ϫ 10 6 copies/ml. SIV RNA levels did not vary by more than threefold in duplicate samples. The RNA levels in the sabaeus monkeys were approximately 1 log higher than those for samples from the earlier bleed and may have been due to greater sensitivity of the primer pairs. No viral RNA was detected in plasma from the seronegative animal.
Infectious virus is readily isolated from the peripheral blood of naturally infected AGMs. In order to determine whether the high level of plasma viral RNA reflects the presence of infectious virus, PBMC and plasma from SIV-infected AGMs were cocultivated with the human CD4 ϩ T-cell line Molt4(cl8). None of the 10 wild-caught AGMs included in this analysis had any clinical disease associated with immunodeficiency during more than 5 years in captivity. Virus could be recovered from both plasma (7 of 10) and PBMC (11 of 11) of naturally infected animals (Table 2) , indicating the presence of significant amounts of infectious virus in the peripheral blood. With HIV-infected humans, the ability to culture virus from the plasma is associated with high virus loads. Given that most virions in the plasma appear to be replication defective, it is estimated that RNA copy number measures of viremia can exceed infectious virus titers by approximately 50,000-fold (79) . The subspecies of green monkey (sabaeus, vervet, and grivet) studied did not influence the success rate of virus isolation. Thus, the frequent isolation of SIVagm from the PBMC and plasma of infected animals is consistent with the observed high plasma SIV RNA levels.
SIV DNA copy number in peripheral blood lymphocytes of AGMs. Another measure of lentivirus replication is the number of viral DNA-positive CD4 ϩ T cells or PBMC. The levels of viral DNA present in PBMC generally correlate with the plasma viremia levels of HIV-1-infected individuals (79) . In untreated HIV-infected humans, the most prevalent form of HIV DNA is full-length, linear unintegrated DNA that, although not replication competent, is thought to be a good marker of the number of recent infection events and thus the level of ongoing viral replication (18) . To quantify the number of SIV DNA-positive PBMC in the peripheral blood of AGMs, a semiquantitative DNA PCR assay that detects total (unintegrated and integrated) SIV DNA was used. Two sabaeus subspecies (C. aethiops sabaeus) and three vervet subspecies (C. aethiops pygerythrus) of AGMs were analyzed.
Primers and probes were individually designed to detect viral DNA from each subspecies because of a high degree of genetic diversity among different AGM types. Strain-specific LTR/gag gene molecular clones were constructed by RT-PCR amplification of the LTR/gag region of RNA isolated from the plasma of each of the infected vervets (AGM 6242, AGM 9648, and AGM 9649) and were used to determine the sensitivity of amplification by the PCR primers. Regardless of subspecies and interanimal SIVagm variability, the sensitivity of this quantitative assay was five copies with each of the plasmids (pgag9648, pgag9649, and pgag6242) (data not shown).
DNA purified from PBMC of each of five seropositive monkeys was subjected to DNA PCR followed by Southern blotting. An example of the viral DNA present in the PBMC samples from these three vervets is shown (Fig. 1) . Overall, SIVagm DNA was detected for all five seropositive monkeys with endpoint titers ranging from 5 to 50 copies of viral DNA/ 1.5 ϫ 10 5 PBMC ( Table 2 ). Four of five monkeys had only five DNA copies per 1.5 ϫ 10 5 cells. For comparison, the levels of HIV DNA that are typically found in HIV-infected humans range between 6 and 50,000 copies/10 5 PBMC, with an average of about 300 copies (20) . The CD4 ϩ T-cell population in the peripheral blood of AGMs is typically two to five times less than that in humans or macaques; however, CD4 T-cell counts from these bleeds were not available, and thus DNA copies per CD4 ϩ T cell could not be calculated. These data suggest that the target cells for active SIVagm production in AGMs are relatively poorly represented in the peripheral blood, which likely results from low numbers of circulating CD4 ϩ T cells in AGMs (71) .
Lymphoid tissues harbor higher viral burdens than does peripheral blood in AGMs. Representative tissue compartments from naturally infected AGMs were examined to determine if there might be sites other than PBMC that are respon-FIG. 1. Levels of viral DNA present in peripheral blood cells from naturally infected green monkeys. Semiquantitative PCR followed by Southern blotting was performed with DNA from the PBMC of three vervets (6242, 9648, and 9649). The number designation for each animal represents the amount of total cellular DNA amplified (in nanograms). To determine the sensitivity of the assay, 10-fold dilutions of pSIVgag were amplified in the presence of 100 ng of cellular DNA. The numbers represent copy number based on the control pSIVgag plasmid. sible for production of the high levels of plasma viremia. Lymphoid tissues, such as those found in the gut, LNs, and spleen, are considered to be the primary reservoirs for lentiviruses in both humans and monkeys (50, 75) . Necropsied tissues from two naturally infected AGMs were studied to assess SIVagm viral DNA distribution in both lymphoid and nonlymphoid tissues. Two SIVmac251-infected rhesus macaques (MAC 8357 and MAC 8358) from a separate study were analyzed in order to compare the relative levels of virus in AGMs to those found for SIVmac-infected rhesus macaques which developed simian AIDS over a 2-year period. It is important to note that SIVmac251-infected macaques are known to harbor extraordinarily high levels of SIV RNA in the plasma, with levels sometimes exceeding 10 8 SIV RNA copies/ml in rapidly progressing animals (87) .
By semiquantitative PCR, between 10-and 100-fold-more viral DNA was detected in LNs and spleens from both AGMs (AGM 9309 and AGM 9315) than in their peripheral blood lymphocytes, ranging from 50 to 500 viral DNA copies/1.5 ϫ 10 5 cells in these tissues (Table 3 ). All three lymphoid samples taken from AGM 9309 had 500 copies/10 5 cells. These values are similar to those reported for HIV DNA copy number in LN cells obtained from asymptomatic humans (94) . As might be expected from the high-level growth of SIVmac251, the two SIVmac-infected rhesus monkeys had higher viral DNA levels in both PBMC and lymphoid tissues, with ϳ10,000 viral DNA copies/10 5 PBMC and ϳ100,000 viral DNA copies/10 5 LN cells at the end stage of the disease (Table 3 ). The highest levels were observed for the spleens of the SIVmac251-infected animals (5 ϫ 10 4 to 5 ϫ 10 5 copies/10 5 cells), which is in agreement with the high levels reported by Hirsch and others for SIVmac-infected macaques (50, 57) . Viral DNA from the gastrointestinal tract, liver, and kidney of SIVagm-infected AGMs was also analyzed (Table 3) . DNA was isolated directly from tissues, and the DNA copy number was calculated based on 1 g of DNA representing 1.5 ϫ 10 5 cells. The highest levels of virus were found in tissues taken from the gastrointestinal tract of AGM 9315, ranging from 50 to 5,000 copies of viral DNA/1.5 ϫ 10 5 cells in the duodenum, jejunum, and colon, corresponding to approximately 1 in 10,000 to 1 in 100 infected cells, assuming that only one copy is present per cell. SIVmac251-infected rhesus monkeys harbored higher levels of viral DNA in these tissues, including the gastrointestinal tract (5 ϫ 10 4 copies/1.5 ϫ 10 5 cells), kidney (5 ϫ 10 3 copies/1.5 ϫ 10 5 cells), and liver. It is interesting to note that while the AGMs had a clear dichotomy between levels of virus in the gut and those in PBMC, this was not the case for end-stage disease in the SIVmac251-infected macaques (Table 3 ). This pattern might be due to the higher levels of immune activation in peripheral lymphoid tissues in the macaques and the possibly lower levels of immune activation in non-gut-associated lymphoid tissues in the natural host. Indeed, LNs from AGMs and sooty mangabeys naturally infected with SIV do not display the same levels of lymphocyte activation and follicular hyperplasia that characterize pathogenic HIV and SIV infections (8; Silvestri et al., submitted).
SIVagm replication in the CNS of naturally infected monkeys. One major tissue compartment for viral replication and associated pathology in HIV-infected humans and SIV-infected macaques is the CNS (33, 95) . High levels of CSF RNA may correspond with significant clinical and pathological findings for humans, especially in end-stage disease (27) . In naturally infected AGMs, high levels of viral RNA were found in the CSF (Ͼ10 5 SIV RNA copies/ml [ Table 1 ]), suggesting that active virus replication might be taking place within the CNS. As determined by DNA PCR, the cerebellum from AGM 9315 VOL. 75, 2001 NATURAL HOST RESISTANCE TO SIVagm 2267
on January 14, 2018 by guest http://jvi.asm.org/ had greater numbers of infected cells than PBMC from infected monkeys ( Table 3 ), suggesting that virus in the CSF reflects viral replication within the brain parenchyma rather than the product of blood cells trafficking to the CNS. To determine whether these tissues represent sites of active viral replication in vivo, virus isolation was performed using cellfree filtrates of tissue homogenates from cerebrum and CSF and an LN of AGM 9315 obtained at necropsy. Virus was readily recovered from all three samples, as evidenced by both syncytium formation in Molt4(cl8) indicator cells and increasing levels of p27 antigen detected in culture supernatants. Histopathologic examination of each of these tissues was unremarkable, demonstrating that SIVagm is expressed within the CNS and lymphoid tissues of naturally infected monkeys without causing significant pathological changes (data not shown). The virus isolates from AGM 9315 brain, CSF, and LN were designated SIVagm(sab-4br), SIVagm(sab-4CSF), and SIVagm(sab-4ln), respectively. We have previously shown that each of the SIVagm subspecies varies considerably in the relative sizes of its gp120 and p24 proteins (2, 3) . Differences in the apparent molecular weights between SIV gp120s typically result from differences in glycosylation patterns, which contribute to the overall mass of the proteins. To observe whether there were differences in the structural genes which might correspond with tissue-specific viral replication, the SIVagm tissue isolates were first characterized by Western blotting using viral antigens from each of the SIVagm strains. As seen in Fig. 2 , protein species with apparent molecular masses in the range of 120 kDa were recognized by sera from SIVagm-infected monkeys and are consistent with the exterior gp120 glycoproteins. Presumptive gp120 bands from the brain and CSF isolates of SIVagm(sab-4) were significantly smaller than those of gp120 from the corresponding LN isolate SIVagm(sab-4ln). No significant size differences were noted for the other major viral proteins. These data suggest that the brain and CSF isolates are more closely related to each other than they are to the virus found in the LNs.
SIVagm isolates from the CNS are macrophage tropic. The CNS tropism of primate lentiviruses is thought to be a reflection of the ability of these viruses to readily infect brain macrophages and/or microglial cells (33, 36) . To assess the cellular tropism of SIV isolates obtained from different anatomic sites, five SIVagm isolates were compared for infection of human T cells and macrophages. Human cells were used because of the lack of AGM CD4 ϩ T-cell lines, the low numbers of CD4 ϩ T-cell targets in the PBMC of AGMs, and difficulty in culturing AGM macrophages. Two molecularly cloned SIVagm viruses from sabaeus and grivet monkeys (MJ8 and gri-1) and three tissue-derived isolates were grown for comparison. All of the SIVagm 9315 tissue isolates replicated to higher titers in the Molt4(cl8) CD4 ϩ T-cell line, with the highest virus levels detected in SIVagm strains derived from the brain and LN, followed closely by the CSF isolate (Fig. 3A) . Only the brain and CSF viruses replicated well in macrophage cultures, although the overall levels were severalfold less than that seen for human T-cell lines. Lower virus titers in the macrophage cultures are likely due to the lower total number of cells present in macrophage cultures and the lack of active cell division by macrophages. In contrast to the CNS SIVagm isolates, the LN-derived SIVagm(sab-4ln) gave approximately 1,000-foldlower virus titers in the macrophage cultures than in the Molt4(cl8) cells.
SIVagm strains from the CNS (sab-4br and sab-4CSF) readily infected both T cells and macrophages and displayed similar replication kinetics in both cell types despite having been initially isolated on a human T-cell line. Of the SIVagm molecularly cloned viruses, gri-1 replicated in both Molt4(cl8) cells and macrophages. All SIVagm strains were highly cytopathic for Molt4(cl8) cells, causing massive syncytia, suggesting that these viruses, like HIV, are highly cytopathic for CD4 ϩ T cells. This cytopathicity likely influenced the amount of cellfree virus production in Molt4 cultures. The low level of virus expression in the MJ8 culture in particular is likely due to pronounced cytopathic effects that result in an overall decrease in the number of surviving Molt4(cl8) cells. Consistent with this notion, when the culture was recovering from cytopathic crisis at day 26, p27 antigen levels again began to rise. A similar rebound effect was seen for the other virus cultures (Fig. 3A) . HIV-1/Ba-L, a highly macrophage-tropic isolate, was used as a control for lentivirus growth in macrophages (36) . HIV-1/Ba-L replicated to the highest titers in the macrophages (data not shown) and induced massive syncytia (Fig. 4B) . The SIVagm isolates were also cytopathic for human macrophages, with more multinucleated cells present in the SIVagm(sab-4br) (Fig. 4D) and SIVagm(sab-4CSF) cultures than were observed for the SIVagm(sab-4ln) isolate (Fig. 4C) . SIVagm MJ8 and gri-1 infection of macrophages also induced multinucleated cells, although this induction was not as pronounced as the effect of the SIVagm(sab-4) isolates (data not shown); these molecularly cloned viruses still appeared to be primarily T cell tropic. It is interesting to note the rapid kinetics of virus replication (peak virus production by day 6) and the high virus titers observed in these macrophage studies.
Sequence analysis of env genes from SIVagm tissue variants. To define genetic differences between tissue variants which might correlate with cell tropism or variations in the size of gp120 species, we amplified a 672-bp fragment representing the V2-C4 env region of SIVagm gp120 and sequenced four clones each from the brain (br), CSF, and LN (ln) isolates of SIVagm(sab-4). The variable regions of SIVagm have been described previously and represent regions that are hypervariable between SIVagm subtypes from grivet, vervet, tantalus, and sabaeus monkeys (31, 69) . In HIV-1, the hypervariable V3 region defined by a cysteine-cysteine loop is an important neutralizing domain and also functions in determining coreceptor binding and viral entry (19, 68) . For SIVagm, this region is highly conserved with only rare mutations and is designated "V3-like loop" (1). For these sequence comparisons, an infectious clone isolated 5 years previously from the PBMC of the same monkey is presented (sab-4). No large deletions or additions which could have accounted for the difference in gp120 species seen by Western blotting were observed between the viruses derived from the CNS (br and CSF) and the LN variant (Fig. 5) . Two clones had defective envelopes (br.4 and ln.4). The number of predicted glycosylation sites was highly conserved among the SIVagm strains, suggesting that gp120 size differences were not explained by differential glycosylation of the V2-C4 region. The overall heterogeneity between the sab-4 CNS and LN viruses was relatively large, ranging from 9 to 14% at the amino acid level, mostly occurring within the small stretches in V2, V3, and V4. Clones from SIVagm(sab-4br) were more homogeneous than those from the CSF or LN, consistent with the results of studies of HIV-1-infected humans (24) . In addition, the viruses from the brain and CSF were more closely related to each other than to the LN-derived virus. In HIV-1, the env C4 region functions as part of the CD4 binding domain (63) . In the SIVagm viruses analyzed here, a nonconservative mutation of Lys to Gln was seen in all clones derived from the CNS, possibly affecting CD4 or CCR5 binding (61, 83) .
DISCUSSION
This study was performed to elucidate the virologic nature of nonpathogenic, naturally acquired SIV infection of AGMs. The observed high rates of SIVagm seroprevalence for AGMs in the wild and in captivity, the apparent ease of SIVagm transmission between AGMs, and the high levels of genetic diversity delineated among SIVagm isolates all suggest that a substantial level of virus replication takes place in vivo in infected animals (2, 70, 78 ). Yet, asymptomatic CD4 ϩ T-celltropic lentivirus infections have commonly been assumed to reflect low virus loads and effective host immunologic control of virus replication. However, there are no reports to date that employ contemporary methods of virus quantitation to characterize levels of ongoing virus replication in vivo in AGMs naturally infected with SIV. We and others have developed and applied sensitive assays to quantitatively detect variable SIVsm species and demonstrated that high steady-state levels of virus are present in sooty mangabeys naturally infected with SIVsm. In addition, we have observed high rates of plasma virus decay following the initiation of antiviral therapy in healthy SIV-infected sooty mangabeys that are indistinguishable from those calculated for pathogenic SIV and HIV infections (Grant et al., submitted; Silvestri et al., submitted). The high steady-state level of plasma viremia in infected mangabeys is therefore a reflection of high ongoing rates of de novo infection and turnover of infected cells. These data clearly indicate that high levels of viremia and high rates of virus replication do not necessarily lead to disease and that specific host factors or the particular nature of the host response plays a critical role in determining whether disease arises following infection.
We therefore were interested in elucidating whether virusinfected sooty mangabeys and AGMs manifest similar or distinct host-virus equilibria underlying their preserved states of health. In order to precisely quantitate SIVagm RNA levels in AGMs, two different QC RNA PCR assays for the SIVagm(sab) and SIVagm(ver) variants were developed and used to measure SIVagm levels in naturally infected AGMs. High steady-state levels of viral RNA, ranging from 3.5 ϫ 10 6 to 6.3 ϫ 10 6 RNA copies/ml of plasma, were observed. In infected humans, similar plasma HIV RNA levels are usually associated with rapid progression to AIDS (66) . A recent report describing experimental infection of AGMs has demonstrated high-level plasma viremia and substantial replication in LN cells and PBMC at early times after experimental infection with a decline thereafter (25) . In the present study, we demonstrated high levels of plasma viremia for naturally infected animals that had been infected for more than 10 years.
In order to determine whether the high level of plasma viral RNA reflected the presence of infectious virus, PBMC and plasma from SIV-infected AGMs were cocultivated with the human CD4 ϩ T-cell line Molt4. Virus was readily recovered from both plasma and PBMC of naturally infected animals (Table 2) , indicating the presence of significant amounts of infectious virus in the peripheral blood. Frequent isolation of infectious virus is consistent with the observed high plasma SIVagm RNA levels and the high frequency of SIVagm transmission (78) . The SIVagm isolates obtained in this study were shown to be highly cytopathic for both human macrophages and T cells; however, we were unable to ascertain their cytopathic properties on AGM cells because of difficulties with in vitro growth of CD4 ϩ T cells (J. Allan, unpublished data). Studies of virus and cell turnover rates, such as those performed with HIV-infected humans, SIV-infected macaques, and SIV-infected sooty mangabeys, will be necessary to determine whether SIVagm-infected cells also turn over rapidly in vivo (51, 74, 92; Grant et al., submitted) .
To gain insight into the anatomic sites of SIVagm replication and production, we measured SIVagm DNA levels in several different body tissues using a quantitative DNA PCR assay designed to detect diverse SIVagm variants. In HIV-infected humans, the inaccessibility of lymphoid tissues such as those associated with the gut or spleen has made it difficult to unequivocally determine their contribution to overall levels of HIV production in vivo. However, these tissues may contribute significantly to systemic viremia due to the large number of activated CD4
ϩ T cells present within them (5, 50, 89) . The immunologically activated milieu of the gastrointestinal tract has been reported to provide fertile substrates for active SIV replication in macaques, likely reflecting the known high frequency of resident activated CD4 ϩ T lymphocytes that are responding to the many environmental and food antigens encountered in the gut (89) . Similarly, the highest levels of SIVagm DNA were observed in the gut tissues of naturally infected AGMs. Given that the gut-associated lymphoid tissue represents the largest mass of body lymphoid tissue (Ͼ80%), it is likely for AGMs, as has been reported previously for rhesus macaques, that the gut-associated lymphoid tissue represents a major site of virus production in vivo (89) .
Despite having persistently high levels of plasma viremia, SIV-infected AGMs display much lower levels of viral DNA in peripheral blood cells than are commonly observed for SIVinfected macaques or HIV-1-infected humans (15, 50, 79) . The intrinsically much lower numbers of CD4 ϩ T cells in the peripheral blood of AGMs than in that of humans or mangabeys might help to explain the overall lower numbers of infected cells (71) . In addition, the relatively low levels of SIVagm DNA in the PBMC compared to what is observed for pathogenic infections may reflect lower numbers of circulating activated CD4 ϩ T-cell targets for viral infection. In support of this hypothesis, SIV-infected AGMs do not manifest the elevated lymphocyte apoptosis seen in association with the states of generalized immune system activation characteristic of pathogenic HIV or SIV infections (29) . Similarly, naturally infected sooty mangabeys do not exhibit the excessive activation and apoptosis of circulating lymphocytes observed for nonnatural hosts of SIV (Silvestri et al., submitted).
Levels of SIVagm DNA in peripheral lymphoid tissues of AGMs, ranging from 50 to 500 viral DNA copies/1.5 ϫ 10 5 cells (Table 3) , were also lower than are observed for pathogenic SIV and HIV infections (8, 41, 50, 64, 79) . Relatively low levels of productively infected cells have also been observed by in situ hybridization methods in tissues of experimentally infected AGMs, whereas greater numbers have been detected in naturally and experimentally infected sooty mangabeys (8, 45, 82) . The source of high levels of cell-free virus in the blood of the natural host may therefore be in other lymphoid tissues such as the gut, where potentially greater activation is occurring in response to antigens. Activated and proliferating cells are known to provide better targets for virus infection and expression (93) . In addition, the activation state of T cells is also known to influence the expression of cell surface coreceptors necessary for viral entry (12) . As most SIVagm viruses isolated to date are primarily CCR5 tropic, virus infection may be limited to a small pool of susceptible cells ultimately determined by which tissues represent the sites of greatest immune activation (23, 26) .
SIVagm infection, like other lentivirus infections, is marked by extensive viral genetic diversity seen both within and between infected hosts (10) . This viral diversity reflects the errorprone nature of the process of reverse transcription, the number of viral replication cycles that lead to introduction of new mutations, and the evolutionary selection of different quasispecies to fill distinct host niches (55) . To study the diversity of SIVagm populations within a naturally infected animal, viruses were isolated from the brain, CSF, and LNs of an infected AGM by cocultivation with Molt4 cells. Virus was readily isolated from LNs, brain, and CSF, suggesting considerable virus replication in these tissues in vivo. Because the selective pressures of cell culture may select for only a subset of the viral quasispecies present in vivo, the tissue-specific SIVagm variants described in this study may underrepresent the extent of viral diversity present in the infected animal (22) .
The CNS-and LN-derived SIVagm isolates were subjected to nucleotide sequence analysis of the env V2-C4 region and compared to each other and to previously described SIVagm sequences. These studies demonstrated significant predicted amino acid diversity between CNS and lymphoid tissue viruses, on the order of 9 to 14% at the amino acid level; however, only 3 to 8% nucleotide sequence diversity was found. While limited in scope, a greater nonsynonymous/synonymous ratio between viruses isolated from distinct tissue compartments would suggest an adaptive evolution of viral variants to specific anatomic sites. In contrast, interanimal SIVagm diversity has revealed a high ratio of synonymous to nonsynonymous mutation frequencies, indicating that SIVagm is a more ancient virus lineage that has reached some equilibrium outweighing the positive selection for change that has been reported previously for pathogenic HIV-1 and SIV infections (59, 70, 84) .
Similar to previous reports of brain HIV env V3 sequences, SIVagm isolated from the brain was shown to have the most homogeneous sequence (three of four clones were identical) (60, 67) . Such homogeneity may reflect biological constraints imposed by the available target cells for infection, likely brain microglial cells (90) . env V2-C4 sequence analysis also demonstrated the presence of two notable differences between CNS-and lymphoid tissue-derived viruses. A conservative change in the V3 region could conceivably affect viral tropism, while a nonconservative mutation in the CD4 binding region (C4) could affect CD4 binding and possibly coreceptor usage (63, 83) . Future mutagenesis studies will be required to determine the functional significance of these mutations. Overall, the observed intra-animal diversity of SIVagm sequences is significant and may reflect both active replication and compartmentalization of viral variants.
Virus isolates were subjected to Western blot analysis to investigate potential differences in SIVagm structural proteins that correspond to tissue-specific compartmentalization of virus replication. Our previous studies demonstrated that each SIVagm subspecies differs considerably with respect to the relative sizes of gp120 and p24 proteins (2, 3) . Differences in the apparent molecular weights between SIV gp120s typically result from differences in glycosylation patterns, which contribute to the overall mass of the proteins. The brain and CSF isolates of SIVagm expressed putative gp120 species that were significantly smaller than gp120 from the corresponding LN isolate SIVagm(sab-4ln). These data suggest that the brain and CSF isolates may be less extensively glycosylated and that the CNS-derived isolates are more closely related to each other than they are to the LN virus. The env V2-C4 region sequence analyses described above did not localize the changes responsible for the fewer glycosylation sites underlying the observed variability in gp120 size. However, variability in the number of N-linked sites could exist in other regions of env for which sequence information was not obtained, such as the V1 region. Analyses of HIV-1 isolates from the brain have suggested that similar differences are due to a reduction in the number of N-linked glycosylations (67) . Similarly, isolates from the brains of SIVmac/sm-infected monkeys have also been reported previously to manifest differentially glycosylated gp120 species, especially in the V1 region, which are linked to neutralization sensitivities (14, 81) .
A hallmark of pathogenic lentivirus infections is the ability to infect CNS microglial cells and the development of neurologic complications in a significant fraction of AIDS patients (33, 42) . Viral infection of the CNS likely serves to facilitate viral persistence in an anatomically sequestered site. This study demonstrated substantial levels of cell-free SIVagm in CNS tissues. SIVagm RNA levels in the CSF were similar to the HIV levels found in the CSF of HIV-1-infected humans with AIDS-associated dementia (13, 85) . Infectious SIVagm was recovered directly from cell-free homogenates of the cerebral cortex and grew to high titers, demonstrating active viral replication in the CNS. Viral DNA copy numbers in the cerebrum exceeded those found in the PBMC. Despite these high virus titers in the CNS, the results of histopathologic examination of AGM brain tissues were unremarkable, demonstrating that substantial levels of SIVagm antigens can be expressed in the CNS without causing pathological changes. In contrast, high viral loads in the CSF have also been reported for SIVsminfected macaques, correlating with severe neuropathologic changes (96) . The CNS viruses also differed from lymphoid tissue-derived SIVagm strains by their ability to infect human macrophages in addition to human CD4 ϩ T-cell lines. Macrophage tropism is a common property ascribed to HIV-1 strains of CNS origin and has been linked primarily to coreceptor usage (CCR5 and CCR3) (42) . Further studies are required to determine if CNS-derived SIVagm strains will also replicate with similar characteristics, i.e., cytopathic effect, in AGM CD4 ϩ T cells and macrophages. Similarity of SIVagm in the CSF to that found in the brain was demonstrated by similarities in env gp120 size, env sequence, and macrophage tropism. This suggests that SIV detected in the CSF of natural hosts is reflective of active viral replication in the brain parenchyma and not a result of the inflammation-associated trafficking of systemically infected cells to the CSF space (27, 80) . Together with the observation of significant viremia in the CSF of naturally SIV-infected mangabeys, these studies suggest that the CNS is an important viral niche in natural hosts of SIV (Grant et al., submitted) . The expression of SIVagm gene products in the absence of CNS lesions suggests that the neurologic complications observed for HIV-infected humans may not be due to the toxic effects of viral gene products alone (e.g., tat or gp120) (62) . Theoretically, the innate or adaptive host responses to SIV or HIV infection may significantly contribute to neuropathogenesis in nonnatural hosts.
In summary, persistent high-level SIV replication in naturally infected African nonhuman primates as described in this report and elsewhere suggests that the variation between host species in the levels of viral replication alone cannot account for the progressive CD4 ϩ T-cell depletion or neurologic complications of AIDS. Rather, AGM species appear to exist in a nonpathogenic equilibrium with their virus. For sooty mangabeys, immunologic studies suggest that infected animals fail to mount significant antiviral cellular immune responses and show far lower levels of generalized immune system activation and associated lymphocyte apoptosis than are seen for pathogenic SIV and HIV infections (Silvestri et al., submitted). It is presently unknown if SIVagm is directly cytopathic for CD4 ϩ T cells in the natural host, with previous studies having used unfractionated PBMC populations which have a low percentage of CD4 ϩ targets for replication. Natural host species may plausibly still experience the direct cytopathic consequences of virus infection of CD4 ϩ T cells but far less of the bystander damage characteristic of pathogenic primate lentivirus infections. Detailed analysis of the cytopathic potential of SIV for CD4 ϩ T cells derived from the natural hosts is necessary to determine if SIVagm is indeed cytopathic on AGM cells. A lack of cytopathic effect of SIVagm on target cells from the natural host species would also presumably lead to lower overall levels of CD4 ϩ T-cell destruction and little, if any, compromise of their immune regenerative capacity (56; Silvestri et al., submitted). Natural reservoir hosts are in a nonpathogenic equilibrium with their virus, wherein active virus replication is tolerated without development of disease. The extent to which the nonpathogenic SIV infections of AGMs and sooty mangabeys reflect similar or distinct host-virus interactions remains to be determined. Future comparisons of such equilibrium and nonequilibrium hosts promise to help define the pathogenic determinants of T-cell immunodeficiency and other sentinel complications of AIDS. The development of new strategies to prevent and treat HIV infection that are based on modulation of host responses in addition to chemotherapeutic suppression of virus replication may be envisioned.
